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A survey of new and published palaeoclimate data
indicates that both the high- and low-latitude North
Atlantic regions were characterized by at least
three synchronous periods of abrupt climate
change during the last glacial-to-interglacial transi-
tion. Climate model results suggest that changes
in the melting history of the Laurentide Ice Sheet
may explain much of this nonlinear response of
the climate system to astronomical (Milankovitch)
forcing.

ASTRONOMICAL or Milankovitch forcing has become estab-
lished as the primary ‘pacemaker’ of the ice ages, accounting
for much of the total observed climatic variance of the late
Quaternary’?. Most climatic variance at frequencies lower than
1 cycle per 19,000 years is related to astronomical forcing, and
even abrupt glacial terminations can be partially attributed to
such forcing®. A closer look at the last glacial-interglacial transi-
tion, however, reveals a sequence of climate change that cannot
be explained as a simple linear response to astronomical forcing.
Marine and terrestrial records of environmental change in the
high-latitude North Atlantic, Greenland and Europe reveal a
period of rapid climatic warming at ~13-12.6 kyr BP, followed
by an abrupt reversal towards colder glacial conditions at
~11 kyr, and a second rapid warming to interglacial conditions
at ~10kyr (refs 4-7). The abrupt 13-kyr warming and the
‘Younger Dryas’ cold event between 11 and 10kyr were
apparently more pronounced over Greenland and Europe than
over North America, an observation that has led workers to
surmise that changes in the heat budget of the high-latitude
North-Atlantic produced the changes over land”. Ruddiman*
proposed that a reduction in ice-sheet height over North America
could have rapidly reduced the amount of cold air advected

FIG. 1 Time series of G bulloides and G. ruber relative
abundance for core V12-99 from the Cariaco Basin. Also
shown are core lithology and the distribution of radiocarbon-
dated intervals which were biostratigraphically correlated
from the closely matching, but less continuous, core V12-
104. This series of dates did not include any reversals. Ali
dates were adjusted by 400 years to correct for the
difference between surface water and atmosphere radiocar-
bon content. The V12-104 record is less continuous due
to the presence of turbidites that were not present in
V12-99. W, radiocarbon-dated intervals (2, 3=number of
dates); Sediment type: B, weakly laminated calcareous
clays; B, strongly laminated calcareous clays; @A, weakly
bioturbated calcareous clays.
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over the North Atlantic, thus allowing the North Atlantic and
downstream Europe to warm abruptly at ~13 kyr. Ruddiman*
and Broecker et al® expanded on earlier work'®""® to suggest
that major diversions of Laurentide Ice Sheet meltwater between
the Mississippi and St Lawrence rivers may have caused the
North Atlantic, Greenland and Europe to cool at the beginning
of the Younger Dryas period (~11 kyr) and then warm abruptly
at the end of the Younger Dryas period (~10kyr). General
Circulation Model (GCM) results support the dominant role of
North Atlantic sea surface temperature (SST) fluctuations in
forcing high-latitude climate change®”®.

Here we try to place the observed high-latitude pattern of
climate change into a more global perspective. First, we examine
new and published data from the Caribbean and Gulf of Mexico
region that also point to systematic patterns of abrupt change
at ~13-12.6, 11 and 10 kyr. We then examine new and published
climate model results which suggest that much of the low-
latitude pattern of change can be linked to variations in
meltwater discharge down the Mississippi and St Lawrence
rivers, and the sea surface temperatures of the high-latitude
North Atlantic and Gulf of Mexico. Our results lead us to
speculate that rapid climate events over Africa may also have
been related to these same variations. We conclude with the
hypothesis that the climate system translated the relatively
gradual astronomical forcing, characteristic of the past 18 kyr,
into an inter-related sequence of abrupt climate events over an
extensive area of the globe.

Caribbean and Gulf of Mexico regions

In this section, we look at the patterns and sequence of climate
change which occurred around the Caribbean and Gulf of
Mexico during the last deglaciation. In particular, we focus our
initial attention on data derived from an investigation of sedi-
ments from the Cariaco Basin (10°40’ N, 65° W), a small (160 x
40 km), deep (1,400 m) anoxic marine basin aligned along
the northern continental margin of Venezuela. This margin is
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currently characterized by Ekman-induced coastal upwelling,
with cold SSTs found during the dry winter/spring season of
greatest along-shore wind stress, and warmer SSTs during the
less windy wet summer season'*!>, Plankton tow data from the
Cariaco Basin indicate that seasonally high abundances of
phytoplankton (mainly diatoms) and the planktonic foraminifer
Globigerina bulloides dominate the water-column assemblage
during the upwelling season, whereas Globigerinoides ruber is
abundant during the non-upwelling season'®.

The strong seasonality in the wind-induced coastal upwelling
is reflected in the faunal and lithological character of the lami-
nated sediments which accumulate rapidly (20-100 cm kyr ')
beneath anoxic waters in many portions of the Cariaco Basin.
Piston cores V12-99 (1,005 m water depth) and V12-104 (466 m)
were sampled on average every 3 and 1 cm, respectively, for a
complete foraminiferal census. Age control is provided by twelve
radiocarbon dates on bulk carbonate (Fig. 1). We subtracted
400 years from each date to account for the difference in radio-
carbon content between the surface waters and atmosphere®.
The two piston cores, separated by over 50 km, yielded nearly
identical time series of foraminiferal abundance, indicating that
our faunal records are probably representative of the basin as
a whole. We focus here on the abundance record of G. bulloides
in V12-99 as a proxy record of upwelling, and hence trade-wind
intensity (Fig. 1). We will elaborate further on the very detailed
Cariaco Basin record elsewhere. Like the high-latitude records
of climatic change, the Cariaco Basin record shows evidence of
rapid change at ~13-12.6, 11 and 10 kyr.

The presence of weakly bioturbated sediments, the high
abundance of G. ruber, and the low abundance of G. bulloides

near the base of the core (Fig. 1) suggest that lowered sea level
may have isolated the Cariaco Basin sufficiently to prevent active
Ekman-pumping during the last glacial maximum. At 12.6 kyr,
both cores record a significant increase in sedimentation rate,
an abrupt change from bioturbated to distinctly laminated
anoxic sediments (traceable over the entire basin), and a sudden
shift in foraminiferal assemblages from a non-upwelling fauna
to samples dominated by G. bulloides. High concentrations of
G. bulloides during the period 12.6-10.8 kyr (> 2,000 individuals
g~' compared to a core mean of <500) suggest that the high
sedimentation rates observed throughout this period
(>80 cm kyr ! compared to the core mean of <40) were related
to intense upwelling and high productivity of G. bulloides. The
abundance of G. bulloides drops abruptly after 10.8 kyr, but
remains at levels above the Holocene mean. This change suggests
that upwelling and trade-wind intensities, although diminished,
were still high during the period 10.8-10 kyr. A further decline
in the abundance of G. bulloides after 10 kyr suggests that the
Holocene mode of moderate (although still highly variable)
upwelling began at this time.

The Cariaco Basin upwelling record provides evidence for
rather abrupt changes in trade-wind strength at ~12.6, 10.8 and
10 kyr, with the strongest trade winds over the southern Carib-
bean found between 12.6 and 10.8 kyr. Independent palaeocli-
mate data from the region support the abrupt nature of change
at these times. In the lowlands adjacent to the Caribbean, pollen
and lake-level records indicate that glacial (18 kyr) aridity per-
sisted until shortly after 11 kyr, when moist conditions suddenly
prevailed'’"*°. To the north of the Gulf of Mexico and Caribbean
region, the deglacial sequence of climate change is less clear.
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FIG. 2 Simulated mean-annual differences between experiment D and B.
Inset shows the magnitude of the negative (°C) SST anomalies (relative to
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the present-day) that were prescribed for six mode! grid points in experiment
D (see Table 1 and text for more details).
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Water levels in low-elevation lakes throughout the southeast US
Coastal Plain were low or lakes were dry from before 18 kyr
until after 15 kyr, when lake levels rose in response either to
increased precipitation, rising sea level, or both?®. A similarly
equivocal record of past hydrological change in this region is
the poorly dated record of fluvial changes which seems to
indicate moist conditions until 13 kyr (refs 21, 22). Pollen records
from the southern Coastal Plain’>**-?" show abrupt change at
13 and 11 kyr. Increased amounts of herb pollen and decreased
abundances of Carya pollen may argue for aridity between 13
and 11 kyr in Florida?>**| just as increased amounts of Fagus
and Liquidambar pollen may have signalled the onset of wetter
conditions after 11 kyr further north®>-?’. More data are clearly
required, however, to refine this regional picture.

Observed versus simulated palaeoclimatic change

The apparent synchroneity between events in the Cariaco Basin
record, in other records from the Caribbean and Gulf of Mexico
region, and in records from the high-latitude North Atlantic
suggest a common forcing mechanism during deglaciation. In
particular, the evidence for stronger trade winds between 12.6
and 10.8 kyr in the western North Atlantic and for Gulf/Carib-
bean aridity until ~11 kyr have led us to examine the effects
that a cool Gulf of Mexico may have had on the climate system.
Geological data from North America and stable isotope data
from Gulf sediments suggest that the flow of cold, fresh Lauren-
tide Ice Sheet meltwater down the Mississippi River and into
the Gulf of Mexico began at ~15-14 kyr, waned slightly from
~14-13 kyr, and peaked between 13 and 11 kyr before being
diverted down the St Lawrence River into the high-latitude
North Atlantic>~'?. During the interval of maximum discharge
into the Gulf, which coincides closely with the timing of events
described above, the volume of Mississippi outflow must have
been immense (5-11 times the present annual discharge, but
mostly confined to the spring-summer meltwater season'**®),
apparently included seasonal ice-rafted detritus (R. Saucier,
personal communication), and was sufficient to affect sea surface
salinities well out into the western North Atlantic'*?°. Unlike
the role of salinity, little attention has been paid to the possible
consequences of meltwater-induced temperature change in the
Gulf of Mexico. Independent data®®?! suggest that the open
south-west Caribbean did not warm from glacial values until
~11 kyr, and it seems likely that the more northerly Caribbean
and Gulf of Mexico regions may have been cooled even further
by the large infiux of glacial meltwater. We suggest that cooler
Gulf SSTs during peak meltwater discharge could provide a
mechanism for explaining observed events if the cooling was
sufficient to produce a high regional surface-pressure anomaly,
which would in turn strengthen western Atlantic trade winds
and suppress precipitation.

To test this hypothesis, we compared the results from four
GCM (8°x 10° latitude by longitude grid size) experiments (for
details, see Table 1) using the Goddard Institute for Space
Studies model®*2. Experiment A represents our model simula-
tion of the current (warm) climate. The results of the four-year
experiments, B and C, were compared to test the sensitivity of
the global climate system to the hypothesized Younger Dryas
(~11-10 kyr) reduction in North Atlantic SSTs®. We also ran a
two-year experiment (D) to test the sensitivity of the climate
system to cooled Gulf of Mexico SSTs during the period ~13-
11 kyr. Experiment D was identical to B, except that model grid
points which included the Gulif of Mexico and adjacent water
were cooled by ~6 °C on average (Fig. 2). Unfortunately, the
palaeoceanographic record provides no direct evidence for cool-
ing of the Gulf by meltwater. However, the oxygen isotope
record of meltwater'™'"'3*° is useless in this regard because of
the predominance of salinity effects, and existing microfossil-
based studies of Gulf SSTs**** have sample spacings that may
preclude recognition of such a brief (2-kyr) event. In the absence
of data to the contrary, we selected an average cooling of 6 °C
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based on estimates of meltwater volume, on the observation that
present-day Mississippi River water is up to 10 °C colder than
Gulf surface waters®®**, and on the observation that downstream
Caribbean SSTs were probably already depressed by 2-3°C
before they warmed at 11 kyr to Holocene levels***'. Indepen-
dently, Oglesby et al®® have arrived at a similar estimate and,
more importantly, have performed sensitivity tests which suggest
that an even smaller cooling could still have forced the same
patterns of change around the Gulf that we have forced with
our SST anomaly.

Our simulated cooling of the Gulf of Mexico (D minus B)
produced lower surface air temperatures, higher sea-level press-
ure, a large negative precipitation anomaly, and a more vigorous
anticyclonic surface air circulation over the Gulf of Mexico and
Caribbean region (Fig. 2). Each of these changes is statistically
significant (greater than several standard deviations of the inter-
annual changes found in experiment B) and agrees with the
palaeoclimatic data described in the previous section. The simu-
lated difference between experiments D and A indicate that a
cool Gulf of Mexico between ~13 and 11 kyr is needed to match
the palaeoclimatic evidence for greater than present aridity
around the Gulf and Caribbean region, and more intense trade
winds in the western North Atlantic. Averaged over the annual
cycle, the cooling of the Gulf produced no significant tem-
perature anomalies outside the Gulf/Caribbean region. In our
experiment, the well-developed higher pressure and cooler tem-
peratures in the Gulf region helped divert storm tracks north-
ward, resulting in both lower pressure and a small band of
increased precipitation north of the Gulf Coastal Plain. This
pattern agrees with the observation that aridity may have been
restricted to Florida and Georgia between ~13 to 11 kyr. Slightly
higher precipitation values, probably indicative of increased
Hadley circulation, were also simulated equatorward of the Gulf
of Mexico over the northern Amazon Basin and central Andes.
These changes were not as significant (less than three standard
deviations) as those simulated around the Gulf of Mexico and
Caribbean region, but they do appear to agree with the sparse
palaeoclimate data from South America®®’.

Rind et al.® compared C and B to demonstrate the importance
of high-latitude North Atlantic SSTs in forcing the observed
climate changes over North America, Greenland and Europe
during the last glacial-interglacial transition. Our comparisons
of D with B (Fig. 2) and C with D (Fig. 3) support this con-
clusion. On a yearly average basis, the observed high-latitude
variations in both precipitation and temperature appear to be
explained by the observed changes in high-latitude SSTs: rapid
warming at ~13 kyr, rapid cooling at ~11 kyr (the onset of the
Younger Dryas) and rapid warming again at ~10 kyr (the end
of the Younger Dryas). At lower latitudes, the warming of the
Gulf at ~11 kyr can explain the wetter conditions and slight
wind relaxation observed at this time in the western North
Atlantic/ Gulf/Caribbean region (Fig. 3). The magnitude of the

TABLE 1 Summary of General Circulation Model experiments

Designation Description
A current climate®?
B 11 kyr orbital parameters®™

11 kyr land ice*®
current sea surface temperatures
c 11 kyr orbital parameters®®
11 kyr land ice*®
current sea surface temperatures, except in the North
Atlantic north of 25°N where they were cooled to
their ice age values (18 kyr)>*
D 11 kyr orbital parameters®
11 kyr land ice*®
current sea surface temperatures, except in the Gulf of
Mexico region where they were cooled on average
6 °C (see Fig. 2)
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FIG. 3 Simulated mean-annual differences between experiment C and D (see Table 1 and text for more details).

Gulf/Caribbean aridity probably would have been enhanced
between 13 and 11 kyr had we prescribed colder SSTs along the
northern South American margin in accordance with the Cariaco
Basin upwelling record.

Our simulations suggest that the observed pattern of climate
change over most of the circum-North Atlantic region can be
explained by the proposed effects of cold Laurentide Ice Sheet
meltwater on SSTs of the high-latitude North Atlantic and Gulf
of Mexico. Our model results may not, however, provide a
complete physical explanation for the sequence of change
observed over North Africa, and, in particular, for the arid event
that apparently was synchronous with the Younger Dryas in
Europe (~11-10 kyr, refs 38-46). The increased surface pressure
and stronger easterly surface winds in experiment C relative to
D (Fig. 3) support the idea®"** that a colder North Atlantic
could have stabilized the lower atmosphere and helped block
the advection of moisture over North Africa. However, the
simulated precipitation changes between the two experiments
are somewhat ambiguous (Fig. 3). Additional experiments are
needed to examine the significance of the precipitation
anomalies in East and North Africa. It is also necessary to test
the possibility that abrupt changes of high-latitude North Atlan-
tic SSTs were associated with other rapid changes that could
have contributed to the observed changes over North Africa.
Higher atmospheric aerosols*’, changes in vegetation, a weaker
monsoon, and lower-latitude Atlantic SST cooling*® may all
have helped to make North Africa more arid before ~13-
12.6 kyr, and between 11 and 10 kyr.

Conclusion

Our postulated synchroneity of rapid climate events at ~13-12.6,
11 and 10 kyr around the circum-North Atlantic must be tested
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by means of the acquisition of additional well-dated, high-
resolution palaeoclimate records. In most cases, we were forced
to use dates with an uncertainty of ~5-10% to infer syn-
chroneity. In addition, further eftorts to evaluate the palaeotem-
perature record from the Gulf of Mexico are clearly warranted.
These palaeoclimatic studies will have to be augmented by
additional climate model experiments to understand the sensitiv-
ity of the global climate system to deglacial changes in boundary
conditions. Qur present simulations, however, support a
scenario through which the climate system (via the melting
history of the Laurentide Ice Sheet) could have transformed
relatively gradual and monotonic astronomical forcing into a
series of abrupt, non-monotonic climate changes over a large
part of the globe. O
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Cloning and sequencing of the complementary DNA
for platelet-derived endothelial cell growth factor
indicates that it is a novel factor distinct from
previously characterized proteins. The factor, a
protein with a relative molecular mass of about
45,000, stimulates endothelial cell growth and
chemotaxis /in vitro and angiogenesis in vivo.

PLATELET-DERIVED endothelial cell growth factor (PD-
ECGF) is an endothelial cell mitogen of relative molecular mass
(M,) ~ 45,000 (45K) purified to homogeneity from human plate-
lets'*. By contrast with other endothelial mitogens of the fibro-
blast growth factor (FGF) family (reviewed in refs 3 and 4),
PD-ECGF, which seems to be the only endothelial cell growth
factor in human platelets®, does not bind to heparin and does
not stimulate the proliferation of fibroblasts'. We describe here
the protein sequencing, cDNA cloning and expression of func-
tionally active PD-ECGF. In addition, we show that PD-ECGF
has chemotactic activity for endothelial cells in vitro and
angiogenic activity in vivo.

Sequence of PD-ECGF

Information about the protein sequence of PD-ECGF was
obtained by the N-terminal sequencing of intact PD-ECGF, and
by analysing the fragments obtained after digestion with trypsin,
staphylococcal V8 protease, or CNBr (Fig. 2).

To localize a source of production of PD-ECGF, a specific
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antiserum against PD-ECGF (ref. 2) was used to screen cell
lines and tissues by immunoblotting. A strong 45K band was
found when extract from a term placenta was analysed (data
now shown). A cDNA library was therefore constructed in Agt10
using poly(A)* RNA from human placenta, and screened with
oligonucleotide probes constructed using the information from
the protein sequencing; the screening of 3 x 10° clones yielded
three positive clones.

Nucleotide sequencing of the 1.8-kilobase (kb) insert of one
of the clones (APL8) revealed a short GC-rich 5’ untranslated
region, an open reading frame predicting the translation of a
482-residue protein (M, 49,972), and a short 3’ untranslated
sequence containing a poly(A)™ tail (Fig. 1). The translation is
probably initiated by the ATG start codon at nucleotides 124-
126, as the surrounding nucleotide sequence follows the rules
for translation initiation’, whereas the sequence surrounding
ATG at nucleotides 136-138 does not. Furthermore, there are
no other ATG codons between an in-frame stop codon at nucleo-
tides 28-30 and the nucleotides coding for the N-terminus of
intact PD-ECGF (Fig. 2). A stop codon (TAA) is present at
nucleotides 1,570-1,572, and is part of the polyadenylation
signal (nucleotides 1,568-1,573). Fourteen nucleotides down-
stream of this signal, a long stretch of poly(A)” was found. A
similar overlap of the stop codon and the polyadenylation signal
has been reported for human choriogonadotropin B-chain®.

Of the 482 amino-acids of PD-ECGF deduced from the cDNA
clone, 389 were identified by amino-acid sequencing (Fig. 2).
The N-terminal sequence of PD-ECGF starts 10 amino acids
downstream of the proposed translation initiation site, indicat-
ing that the molecule undergoes a limited proteolytic processing
after synthesis. The C-terminal amino acids predicted from the
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